Spontaneous formation of ZnO dendritic nanowires has been achieved on the faceted surfaces of polyhedral Zn microcrystals by oxidizing the latter at 600°C. Electron microscopy investigations reveal that all the dendritic branches are elongated in ͗11-20͘ directions within the ±͑0001͒ primary planes, forming two-dimensional web-like structure. Homoepitaxial interconnections are observed at the branch-to-arm and branch-to-branch regions, and the whole dendrites are wurtzite single crystals. The growth process of the dendritic nanowires is discussed, which is proposed to be a combination of "self-catalytic liquid-solid" and vapor-solid process.
Recently semiconductor nanowires have received increasing attention as potential building blocks for nanoscale electronic and optical devices, 1,2 data-storage, 3 and biochemical sensors. 4 In particular, fabrication and characterization of single-crystal ZnO quasi-one-dimensional (1D) nanostructures (e.g., nanobelts, 5 nanowires, 6 nanotubes 7 ) have attracted special attention due to the direct wide band gap ͑3.37 eV͒ and the large exciton binding energy ͑60 meV͒ associated with ZnO. Potential applications of ZnO nanostructures in UV lasing, 8, 9 electro-optical switch, 2 hydrogen storage, 10 etc., have been demonstrated. Furthermore, because of its anisotropic structure, a combination of growth along [0001], ͗11-20͘, and ͗10-10͘ directions results in a diverse group of hierarchical nanostructures of ZnO. [11] [12] [13] Understanding and hence practical control of the growth process is essential for the nanotechnological applications of these materials. In this letter, we report a type of ZnO nanostructure, viz., two-dimensional (2D) dendritic nanowires which are spontaneously formed during the low-temperature oxidation of polyhedral Zn microcrystals. The morphology and crystallographic structure analysis of the dendritic nanowires will be presented. Possible growth mechanism will be discussed. The nanowires might potentially advance the understanding of the growth mechanism of ZnO materials in the nanoscale.
Synthesis of the ZnO dendritic nanowires was conducted in two steps. The first is to deposit the polyhedral Zn microparticles. This was done through the physical vapor and deposition method in a horizontal resistance furnace. Zn vapor generated by evaporation of pure metallic Zn powder (Aldrich, 99.998% purity, −100 mesh) at 800°C was transported by Ar gas downstream to a low temperature region ͑100-150°C͒, where a Si substrate collects the deposits. During the reaction, the tube pressure was maintained at 800 mbar by pumping. Second, the Si substrate coated with the deposited particles were postannealed at temperatures of 300-600°C in another resistance furnace with an open quartz tube at atmospheric pressure. The annealing time was fixed at 60 min for different temperatures. The structure of synthesized products was characterized using scanning electron microscopy (SEM), powder x-ray diffraction (XRD), transmission electron microscopy (TEM), as well as high resolution TEM (HRTEM). Figure 1 gives a general view of the obtained Zn particles. The distribution of the deposits is fairly uniform throughout the entire Si substrates. The particles have planar faces on the hexagonal-shaped ends while stepped side faces, forming the polyhedra with an overall diameter of 3 -6 m. Their structural habit implies that the particles are single crystalline prismatic bounded with ͕0001͖ , ͕10-10͖ , ͕10-11͖ , ͕10-12͖, etc. These polyhedral particles were used as the precursor to form the following ZnO nanostructures. Figure 2 shows the morphology of a typical particle after being annealed at 600°C. It is clear that the stepped faces of the initial Zn particle were terminated with a high density of "thorns" with lengths up to 5 m. A closer view of the thorns reveals that many short branches extend out from the side of a main arm, and all the branches were inclined to each other by the same degree (60°in this case) at the boundary regions, resembling the dendrites. The length and morphology of the dendritic nanowires are strongly dependent on the oxidation temperature and period. In our experiments, higher temperature and/or longer oxidation leads to longer wires and an increased number of branches. It is noted that no wires are growing on the top (0001) facets of a)
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hjfan@mpi-halle.de FIG. 1. SEM image of polyhedral Zn microparticles, which will be used as precursor to form dendritic ZnO nanostructures. (Inset) Enlarged view of one particle, showing its flat top face and stepped side faces.
the Zn polyheral particle. Instead, the top face, especially the edges, swelled due to incorporation of oxygen and sink inward.
The dendritic ZnO nanowires are a multilayer 2D structure. The main arms of the dendrites are not randomly oriented on the initial Zn polyhedral crystal surface, but ordered in three main directions, forming also 60°angles [see Fig.  2(a) ]. The three directions are perpendicular to the respective diagonal planes of the initial Zn crystal. This crystallographic relationship could give rise to the ͗11-20͘ growth of the dendrite arms (see the following). Furthermore, sideviewing of the dendritic nanowires shows that all the branches of one dendrite are in the same plane, as seen in Fig. 2(c) [Note: For demonstration clarity, the dendrites shown here have shorter arms than those in Fig. 2(a) .] This means that the ZnO nanodendrites are 2D structures, with the primary planes parallel to the ±͑0001͒ plane of the initial Zn crystals. This 2D dendritic structure is different from ZnO tetrapod rods formed from thermal evaporation of Zn powder in an oxidizing ambience. [12] [13] [14] Such multilayering of the ZnO nanowires is most likely correlated to the stepped side faces of the Zn polyhedral crystals, so that a layer of nanowires grows from one step face.
XRD was used to identify the phase of the precursor and the annealed sample. The data were shown in Fig. 3 . For the as-synthesized precursors, all the peaks can be indexed based on the hexagonal structure of Zn (JCPDS No. 87-0713). After annealing at 600°C, the diffraction peaks characteristics of hexagonal structure of bulk ZnO can be identified. In addition, two weak peaks (39.00°and 43.24°) corresponding to Zn (10-10) and Zn (10-11) are also present. The Zn could originate from the particle interiors, which has not completely transformed into ZnO after the annealing process. No other impurity phases were found in the nanowires.
Systematic structural characterizations of the dendritic ZnO nanostructures were done using TEM. [Fig. 4(b) ] and tips [Fig. 4(c) ] of several wires reveals that they are structurally uniform and single crystals without obvious dislocations or stacking faults. The growth directions of all the dendritic branches were determined to be ͗11-20͘ (i.e., a axes). This result is in contrast to the usual [0001] growth direction for various ZnO 1D nanostructures. Only recently, Wang 13 reported a group of ͗11-20͘-elongated ZnO 1D
2(b)]. HRTEM analysis at the branched regions
nanostructures, such as nanobelts, nanosprings, nanorings. More interesting, the HRTEM image taken at the boundary region between two branches shows that they have the same wurtzite structure and the lattices are interconnected in a perfect order [see Fig. 4(b) ]. This suggests a dendritic single crystal growth between the dendrite branches. In addition, it is worth mentioning that the ED pattern shown in Fig. 4(a) , recorded from a wide area containing many branches of one dendrite, is qualitatively a single-set pattern although having fine splittings at high order spots (due to bending). This is a consequence of the fact that all the wire branches have the same lattice orientation along the electron beam (c axis in this case), implying that these branches lie in the same plane, which is ±͑0001͒. This further confirms the 2D structure of the dendritic nanowires, as seen in SEM.
Our ZnO nanowires grow through a phase transformation of Zn polyhedral particle surface via a thermal oxidation process, with no other catalysts involved. Since the melting points of Zn and ZnO x ͑x Ͻ 1͒ are around 420°C, liquid Zn should form and reacts with oxygen to form ZnO x in the early stage of heating. In the meantime, the melting Zn also serves as the eutectic solvent for the oxide species. In this regard, the growth of the dendrite arms could be described as a "self-catalytic" liquid-solid process, in which the melting Zn plays the role of both reactant and catalyst. Such "selfcatalytic" mechanism has been adopted by Dang et al. 15 to explain the formation of metal oxide nanowires through oxidizing the corresponding metal powder above their melting points. For ZnO single crystals, ͗11-20͘, ͗01-10͘, and [0001] are three types of fast growth directions. 16 In our case, the ͗11-20͘ growth is most likely due to an epitaxial relation and the prevalence of the ͕11-20͖ surface on the Zn microcrystals. Furthermore, one can readily suppose that vapor phase Zn exists at the annealing temperature of 600°C due to its high vapor pressure. Nucleation of the Zn vapor atoms on the ͕11-20͖ side faces of the arms promotes the nanowire growth along ͗11-20͘, and the dendrite branches thus form via a vapor-solid mechanism. Nevertheless, more in-depth discussion on the growth mechanism will be made based on an inspection of the structure variation in different oxidation stages.
The photoluminescence (PL) spectrum was recorded at room temperature using a micro-PL system under excitation by the 325 nm line of a HeCd laser. Figure 5 shows a representative spectrum, which exhibits a relatively sharp and strong UV emission centered at 378 nm and a broad visible emission. The near band edge UV emission is unambiguously attributed to free excitonic emission of ZnO. The visible emission appears to consist of two main components at Ϸ540 and Ϸ610 nm. The peak positions are similar to the PL of ZnO tetrapod nanorods reported by Roy et al., 14 whereas the ratio of UV to visible emission in our case is much smaller than that in Roy's results. It is generally believed that the visible emission of ZnO is due to transition in defect states, in particular the oxygen vacancies. Hence, the PL results imply that our dendritic ZnO nanowires obtained via oxidation of Zn in air ambient are of good single crystalline quality with certain amount of oxygen vacancies. This assures the potential optical device application of our nanowires.
In conclusion, a two-step low-temperature and catalystfree process for synthesis of single-crystalline dendritic ZnO nanowires is presented. All the dendritic branches extend along ͗11-20͘ directions within the ±͑0001͒ planes, forming a two-dimensional web-like structure. Different branches are homoepitaxially interconnected without lattice misfit at the boundary regions. The size and length of the dendrites can be controllable by varying the oxidizing temperature and time. We postulate that the growth of the main arms is through a self-catalytic liquid-solid process while that of the branches is mainly via a vapor-solid process. PL measurements reveal that the dendritic ZnO nanowires are of good crystallinity with low concentration of oxygen vacancies. 
